Abstract: We use optical coherence tomography (OCT) to systematically study the dependence of the optical attenuation coefficient t upon the applied pressure P in different depth regions of the human skin in vivo. We find that the same OCT data can be used to estimate thicknesses of the epidermis layer and the epidermis-dermis junction and obtain the thickness changes in these skin layers induced by the pressure. We further propose and demonstrate using the correlation map to identify depth regions in which t has positive and negative correlations with the applied pressure and study in detail the changes of t in dermis with the applied pressure. By using a low-cost thin-film pressure sensor to monitor the applied pressure accurately, we are able to quantitatively obtain the pressure dependence of t in different skin layers in vivo with the following interesting findings: When a pressure ranging from 0 to 20 kPa is applied on the volar side of the forearm skin, t increases with the applied pressure in the epidermis layer, which coincides with the thickness decrease and increase of the epidermis and the epidermis-dermis junction, respectively. In contrast, t decreases with applied pressure in the upper dermis but increases again in the deeper dermis with applied pressure. Our results demonstrate that the OCT correlation map and the thin-film sensor are effective tools to study the optical scattering properties of human skin under pressure. We anticipate that our experimental and analytical methods reported in this paper can be useful for clinical diagnostic applications, such as noninvasive blood glucose monitoring.
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Introduction
Accurate knowledge of the optical scattering and absorption (collectively the optical attenuation) of biological tissues is important for a number of noninvasive diagnostic measurements using optical coherence tomography (OCT), including blood oxygenation measurement, blood glucose monitoring, molecular diffusion in epithelial tissues, diagnosis of oral epithelial dysplasia, and cancer detection and plaque detection [1] - [7] . However, in noninvasive disease diagnostics where optical fiber probes are involved, contact pressure induced by manual handling can affect the optical scattering and absorption of the tissue under study and introduce extra uncertainty to the measurement results. For example, in the OCT blood glucose monitoring application, the optical scattering coefficient in the specific tissue layers of in vivo human skin is found to have strong correlation with the blood glucose concentration (BGC) [2] , [3] . In order to minimize the motion artifacts, the OCT probe is usually attached to the skin with a certain pressure. However, the pressure applied without precise control can strongly influence the measurements of optical properties of skin tissues and escalate errors of measured BGC. In a preliminary study [8] , it had been observed that the impact to the accuracy and reproducibility of an OCT-based glucose monitoring system is minimal if the contact pressure is less than 1 kPa, and more significant errors resulted when pressure is larger than 10 kPa. Unfortunately, there has been no detailed study on the effects of pressure on the scattering properties of different layers for in vivo human skin. Therefore, such a study not only benefit the OCT based glucose monitoring application, but also for other optical diagnostic applications in which the knowledge of the relationship between the skin pressure and the optical scattering or attenuation properties in different depth regions of the tissue is to be utilized.
There have been studies on the effect of contact pressure on skin tissue's optical scattering and absorption with methods other than OCT, such as spectroscopy [9] - [19] . However, the results of such studies are inadequate for OCT diagnosis applications described above due to the following reasons. First, the diffuse reflectance acquired by spectroscopy was from skin surface to a fixed region of given depth. In reality, the skin consists of three major layers: epidermis, dermis and hypodermis and their scattering or attenuation properties can be quite different, but the data from the spectroscopy can not distinguish the optical properties in a specific skin layer. Second, most of such studies were of the ex vivo [9] - [11] . Because the tissue compositions and self-regulating function in each layer of living skin are considerably different from ex vivo samples, the results from such ex vivo experiments are not suitable for the OCT based in vivo applications. Finally, in those studies, weights or calibrated spring were used to determine the pressure [12] - [15] , resulted in poor experimental repeatability because of the differences in skin elasticity of different individuals.
In [19] , Yu et al. realized the importance of accurate pressure monitoring during the spectroscopy measurement and devised a smart light probe with an integrated fiber optic pressure sensor to monitor the pressure. Such a fiber optic pressure sensor was effective in improving the accuracy of the measurement, however, added significant complexity and cost to the measurement system. An alternative simple and low-cost pressure monitoring method still remains attractive.
In our previous studies [20] , [21] , we introduced the method of using the correlation map to study the correlation between the temperature and the attenuation coefficient t in different regions of human skin, and demonstrated that the method and results are beneficial to the improvement of OCT based noninvasive blood glucose monitoring. In this study, we propose to expand the use of the correlation map to study the effects of pressure on in vivo attenuation coefficient of different layers of human skin with OCT. Unlike other studies of using weights and springs to obtain the pressure value [12] - [14] , we use a film pressure sensor to actively monitor the contact pressure on the skin, resulting in more accurate data. Such a thin film sensor is also much simpler and costs less than the fiber optic sensor used in [19] , and is more suitable for clinical glucose monitoring or other optical diagnostic applications where low cost, small size, easy to operate, and easy integration in medical equipment are required. We discover that the thicknesses of the epidermis layer and the epidermis-dermis junction can be obtained using the OCT attenuation curve and applied the finding to obtain the thickness variations of these skin layers under different applied pressures. The information obtained is useful for the understanding the observed behavior of t with the applied pressure. With the proposed method and experimental setup, we obtained the following interesting findings: A positive pressure coefficient of attenuation was observed in the epidermis, in which the attenuation coefficient t increases with the applied pressure, accompanying the thickness decrease of the epidermis layer and the thickness increase of the epidermis-dermis junction with the pressure. However, t decreases with the pressure in upper dermis and increases again with the pressure in deeper dermis. The results indicate that the potential impact of probe contact pressure can be included in the analysis or diagnosis quantitatively when performing optical attenuation measurements of human skin in vivo using OCT with a contact probe for many noninvasive diagnostic applications, including OCT based glucose monitoring.
Measurement Methods

Instrumentation
A commercial swept source OCT system (Thorlabs, Inc.) was used in this study [ Fig. 1(a) ].
The OCT system has a center wavelength of 1325 nm. Its transverse resolution is 25 m, and axial resolution is 12 m in air. The sampled 3D-OCT image size is 3:75 Â 3:75 Â 2:3 mm ðx Â y Â zÞ which comprising 152 Â 152 Â 512 pixels. To ensure the skin area under study to have the same pressure as the area being monitored by the thin film pressure sensor (I-motion, Inc.), we used a glass slide with 1325 nm antireflection coating to hold the sensor on to the skin while the OCT laser beam scans across the skin area under study through the glass slide, as shown in Fig. 1 . The thin film sensor was placed as close as possible so that the pressure on the imaged skin is basically the same as that monitored by the pressure sensor. The skin contact pressure can be adjusted by moving the probe up and down with an adjustable hand wheel. The thickness of the pressure sensor is less than 0.1 mm and the diameter of the sensing area is 9 mm. The resolution and repeatability of the pressure sensor are 0.5 kPa and 1.5 kPa, respectively. Pressure values were transferred to a computer by the acquisition and processing system.
Experiments on Human Subjects
Eleven volunteers were involved in this study. Volunteers were within the age of 22 to 35 years. The research protocols were approved by the Affiliated Hospital of Hebei University (AHHBU) institutional review board and carried out in accordance with the tenets of the Declaration of Helsinki. Written informed consent was obtained from each subject. The object of the investigation was a skin in vivo at the inner side of the forearm, on which a pressure ranging from 0 to 20 kPa was exerted. The skin contact pressure was applied with a step of 2-3 kPa. The OCT signals were acquired after the condition of skin tissue was stable by waiting for more than 60 s at each pressure setting. Three 3-D OCT image sets were taken and averaged to calculate the attenuation coefficients at each pressure value in order to suppress the speckle noise. The acquisition time of each 3-D OCT image set was 8 s. During date acquisition, the volunteers were asked to remain still to minimize motion artifacts.
Data Analysis
In order to suppress the speckle noise and minimize motion artifacts, all the A-scans of the OCT 3-D image were averaged to have an 1-D distribution of light in depth. We then calculated the attenuation coefficients in different skin layers of each subject from the 1-D signal to characterize the changes of skin optical properties as a function of pressure. Therefore, the pressure reaction of different skin layer we studied was the average effect in lateral direction.
Two models are often used for the description of OCT signal: the single-scattering model and the multiple-scattering model. In the former model, the OCT signal is given by the Lambert-Beer law I ¼ I 0 e À t z , where I 0 is the incident light intensity, z is the geometric depth inside the tissue, and t is the attenuation coefficient. The latter is based on the extended Huygens-Fresnel (EHF) principle. Both models have been used for investigating tissue optical properties. Some studies used the single-scattering model to calculate the attenuation coefficient t of human skin [22] - [24] , while other studies used the multiple-scattering model to extract the t of highly scattering tissue [25] , [26] . Lee et al. reported that the relative error of t in dermis between the two models is 8.6% [27] . Therefore, we choose to use the single-scattering model to calculate t and expect the resulting errors to be in the acceptable range. Note that t ¼ s þ a , where s and a are the scattering and absorption coefficients, respectively. In most biological tissues, including human skin, s i s substantially greater than a in the NIR spectral range [28] - [30] . Therefore, t is mainly proportional to s .
The human skin is multi-layer structure with complicated material compositions, and t in different depth of regions can be affected by water displacement, changes in tissue thickness or other conditions under compression. We find that in epidermis, the correlation between t and pressure is reasonably uniform and therefore we can obtain the relationship between t and P straightforwardly applying the Lambert-Beer law with the OCT attenuation curve. However, in dermis we find that the correlation between t and P in some regions is drastically different from others. Therefore, it is important to first identify the positive and negative correlation regions in dermis and then measure the corresponding t in these regions. Similar to our previous studies [20] , [21] of using correlation map to reveal the correlation between t and temperature T in different regions of skin, here we use the same correlation map to find out the relationship between t and P in different regions of skin. In particular, we calculated the dependence of t versus pressure for the segments with a step of 25 m (overlapped segments) from skin surface to dermis. That is, we calculated t of each pressure for a selected segment with a starting position and a width of multiple of 25 m to dermis. The skin surface is the first starting position corresponding to 0, and the subsequent starting positions are N Â 25 m ðN ¼ 1; 2; 3 . . . :Þ. The region size is the calculated depth range. Variations of t versus pressure was analyzed so that we can compute their correlation coefficients (R). We used Person product-moment correlation to calculate R [31] . The computational formula of R is as follows:
where P is pressure, and n is the sample point of pressure. 
Results and Discussions
Epidermis
A typical signal intensity of the averaged OCT A-scan as a function of depth is shown in Fig. 3(a) . Region A, shown as the region between the skin surface and the first minimum, represents the epidermis layer, or the outer layer of human skin. Region B, shown as the region between the first minimum and the first maximum in Fig. 3(a) , is the epidermis-dermis junction. Finally, The region after the first maximum is generally referred to as the dermis layer (Region C), including the upper dermis with a thickness around 120 m and deeper dermis.
As mentioned previously, in epidermis the correlation between t and P is reasonably uniform, without the drastic changes in the sign of t as a function of P. Therefore t at each pressure P can be readily obtained by applying the Lambert-Beer law with the data in Region A of Fig. 3(a) and a typical result of t as a function of P is shown in Fig. 3(b) . It is observed that, in general, the t of epidermis layer increases as the skin contact pressure increases in all the subjects we studied. The asterisk marks represent the experimental data of t and the solid line is the least-squares fit to it. For all Subjects, the values of pressure coefficient are between 0.15 to 0.28 mm À1 =kPa, with an averaged value of 0:21 AE 0:047 mm À1 =kPa. It is important to note that the thickness of the epidermis can be estimated by measuring the location of the first minimum in Fig. 3(a) , while the thickness of the epidermis-dermis junction can be estimated by measuring the distance between the first minimum and the first maximum in Fig. 3(a) . Therefore, OCT not only can obtain the scattering information under pressure, but also the thickness change of different skin layers caused by the pressure. By measuring the locations of the first minimum and the first maximum in Fig. 3(a) under different pressures, we find that the thickness of epidermis (open marks) decreases with the pressure, while the thickness of epidermis-dermis junction (diamond marks) increases, as shown in Fig. 3(b) . Note that in our setup, the length of each pixel we calibrated was 4.5 m in the depth direction of skin. If there were n pixels in the epidermis layer, the thickness would be n Â 4:5 m. The epidermal thicknesses of all the Subjects when no pressure was applied ranged from 90 to 112 m and were reduced by up to 36-50% under the maximum applied pressure of 20 kPa for different individuals. On the other hand, when no pressure was applied the thicknesses of epidermis-dermis junction of all the Subjects were from 86 to 108 m and were expanded by up to 17-42% under the maximum applied pressure of 20 kPa for different individuals. Note that the amount of compression of the epidermis layer is much larger than the amount of expansion in the epidermis-dermis junction. It is important to point out that the ability to obtain both the thickness information of different skin layers and their attenuation coefficients under different pressures using the same OCT attenuation curve is attractive for the understanding of the optical properties of the skin.
Dermis
The dermis layer is generally composed of three types of tissues, including collagen, elastic fibres, and extracellular matrix, that are present throughout (not in layers), however, with a nonuniform distribution. The displacement of water and deformation caused by the pressure in the regions of different tissue mix may be different and therefore the correlation between t and P in such regions is expected to be drastically different. As mentioned previously, we need to first use the correlation map to identify the depth regions of positive and negative correlations before we proceed to obtain the relationship between t and P in these regions separately; otherwise, the interesting features of t as a function of P may wash out if the average t in the whole dermis layer is taken. Fig. 4(a) and (d) shows the obtained correlation maps of two individuals in the study and the negative correlation (where t decreases with P) and positive correlation (where t increases with P) regions, marked with blue and red, respectively, are clearly shown.
As can be seen from Fig. 4(a) and (d) , the negative correlation occurs generally in the depth region between 200 to 400 um, a region often referred to as the upper dermis. Fig. 4(b) and (e) shows t as a function of P at different depth regions in the dermis, where t decreases with P in region I (in the upper dermis of the two subjects, corresponding to the depth regions of 225-375 m ðR ¼ À0:850Þ and 250-400 m ðR ¼ À0:945Þ, respectively) and increases with P in region III. As shown in region II of Fig. 4(b) and (e), there is no obvious correlation between t and P in the transition area between upper and deeper dermis. Table 1. A possible reason for the decrease of t (1325 nm) in the upper dermis with the pressure P is the displacement of water from upper dermis to deeper dermis, similar to the variation of t caused by temperature [20] . The Mie theory can be approximated to give the following expression for the scattering coefficient [32] , [33] :
where r is the average radius of scattering particles, s is the density of particles, is the wavelength of light, n s is the refractive index of the scattering components, and n m is the refractive index of the medium surrounding the components. s can be affected by the refractive index mismatch between n s and n m . Water concentration of human skin in the stratum corneum layer is around 30% and gradually increases with depth until it reaches a constant value of 65-70% in the epidermis-dermis junction [34] . It was observed that the refractive index of the medium surrounding the components increased from 1.38 to 1.46 and the fraction of water volume decreased from 70 to 30% after the application of pressure in ex-vivo experiments [35] . Considering that the water's index of refraction is relatively low (1.33), the movement of water from papillary dermis to reticular dermis causes the increase of the effective refractive index n m in the upper dermis and the decrease in the deeper dermis, resulting in the reduced mismatch between n s and n m in the upper dermis and increased mismatch in the deeper dermis and, consequently, the decrease of s in the upper dermis and the increase in the deeper dermis.
Conclusion
We report the results of our systematic study of the depth resolved optical attenuation coefficients as a function of pressure in different skin layers in vivo using the OCT attenuation curve. We find a practical method to monitor the changes in thickness of the epidermis layer and the epidermis-dermis junction caused by the applied pressure while the attenuation coefficient is being investigated with the same OCT data. We further propose and demonstrate the correlation map method to investigate in detail the attenuation coefficients as a function of pressure in different depth regions of dermis. Finally, we improve the pressure monitoring system over the previous methods of using weights and springs with a simple and low-cost thin film pressure sensor to accurately monitor contact pressure. Such a pressure monitoring method is more suitable for clinical optical diagnostic applications because the thin film sensor can be easily integrated into a related medical device with low cost. With the proposed methods and the experimental setup, we find that in the epidermis, the pressure dependence coefficients of t in all 11 Subjects are positive, with values between 0.15 to 0.28 mm À1 =kPa, accompanied by a thickness reduction of up to 36-50% in the epidermis layer and a thickness expansion of up to 17-42% in the epidermis-dermis junction when the skin contact pressure from 0 to 20 kPa is applied. However, in upper dermis region, we find a negative correlation between t and pressure for all 11 Subjects, with the pressure coefficients in the range between À0.0053 to À0:014 mm À1 =kPa. Finally, in the deeper dermis region, t increases with the pressure again, with values of pressure coefficients in the range from 0.0088 to 0.012 mm À1 =kPa. We believe that our methods and the obtained experimental data are useful for the understanding and the accuracy improvement of many OCT based noninvasive diagnostic measurements, including the OCT based glucose monitoring.
